I
n nebraska, 90% of anaerobically digested sewage content (Gilmour and Gilmour, 1980; Sims and Boswell, sludge (biosolids) is land-applied (Goldstein, 1997 (Goldstein, ). 1980 Artiola and Pepper, 1992; Barbarick et al., 1996) . For example, in Wisconsin, 15 to 20, 6, and 4%, of the The potential benefits of land-applying biosolids in agbiosolids organic N was mineralized in the first, second, ricultural production are well documented (Kelling et and third year after application (Keeney et al., 1975 (Keeney et al., ). al., 1977a Lerch et al., 1990; Pierzynski, 1994; Sullivan Another study found a decay series of 45, 25 to 30, and et al., 1997) . However, the economic costs and benefits 10 to 15% of biosolids N mineralization in the 3-yr to farmers utilizing biosolids as well as the long-term period following application (Kelling et al., 1977b) . nutrient availability, plant response, and environmental Therefore, the differences in soil, climate, biosolids comimpact of using biosolids on agricultural lands were position, and management factors require more specific identified as areas that needed more research (Oberle estimates for different climatic regions or different cropand Keeney, 1994) . The potential environmental hazard ping systems. most frequently associated with biosolids nutrients is
In this paper we address the issue of how to manage excessive movement of NO 3 from soil to groundwater biosolids in two different arable cropping systems to (Keeney, 1989) or excessive accumulation of P or other sustain high yields and profits and minimize negative elements. More reliable predictions, especially for local environmental effects. The specific objectives of our soil and climatic conditions, of the overall nutrient value, study were to quantify the yield response to biosolidsthe N-supplying capacity, and crop yield response of N for irrigated maize and rainfed sorghum in eastern biosolids, are required.
Nebraska, to assess N use efficiency of biosolids-N, and On average, ≈80% of the total N in biosolids is found to evaluate effects of biosolids application on soil NO 3 in organic forms and 20% in mineral forms (Sommers, dynamics. 1977) . Previous studies have demonstrated that large rates of biosolids application to agricultural land can rapidly increase soil NO 3 leaching (Hinesly et al., 1972;  MATERIALS AND METHODS Stewart et al., 1975; Kelling et al., 1977b) at the rainfed sorghum site. ‡ DTPA ϭ diethylenetrinitrilopentaacetic acid.
In the biosolids experiments, treatments included a control without biosolids and four rates of biosolids application. Each year, biosolids were applied to new sets of treatment plots so
Biosolids Application
there were no repeat applications in any treatment at either Anaerobically digested biosolids applied in both experilocation (Fig. 1) . Moreover, to study residual effects of a onements came from the City of Lincoln's Theresa Street wastetime biosolids application, each biosolids rate was applied water treatment plant. The biosolids rates were intended to to the same number of plots as the number of remaining range from 0 to 100 Mg ha Ϫ1 of biosolids in 25-Mg intervals measurement years. For example, in 1996, the same rate of at each location (fresh weight, equivalent to 0-18.2 Mg dry biosolids was applied to four plots with one plot designated weight ha Ϫ1 ). A John Deere 465 hydra-push manure spreader for being sampled in each year of the study (1996) (1997) (1998) (1999) . This was used to apply the biosolids. The beater was run with was repeated in subsequent years at other locations in the ground speed power take off so that the biosolids were spread field with each biosolids rate being applied to three plots in at a 2.1-to 2.3-m width. Two passes were made on each of 1997, two plots in 1998, and one plot in 1999 (Fig. 1) . The the 12.2-by 4.6-m plots for each application rate. The different experiment included multiple control treatments, one per repbiosolids rates were achieved by restricting the hydraulic fluid licate block per year. All control plots not harvested in a flow that regulated the speed at which the plunger panel particular year to assess biosolids response received a modermoved. Each spreader load was struck level in an effort to ate rate of 90 kg N ha Ϫ1 as NH 4 NO 3 broadcast in spring. This achieve reproducible rates. In 1996, the biosolids rates were was done to maintain the production from these plots so that determined by catching the amount applied on two tarps at the crop response to biosolids measured across a period of 4 yr each end of the plot. Calibration of the spreader was improved would not be exaggerated. Had the comparisons been made in subsequent years such that the rates were applied as origito a control that was continuously cropped for 4 yr with no nally intended in 1997 through 1999. The amount of N applied N additions, soil N depletion would have occurred so that the with each biosolids rate varied between years because the response to biosolids-N would have been artificially magnified.
biosolids composition was not consistent even though it was In the mineral fertilizer experiments, six rates of NH 4 NO 3 from the same source (Table 2 ). Biosolids were incorporated were applied from 0 to 225 kg N ha Ϫ1 in 45-kg intervals at by disking to a 10-cm depth within 24 h of application. the irrigated maize site and from 0 to 150 kg N ha Ϫ1 in 30-kg Biosolids samples were taken from each site the day the intervals at the rainfed sorghum site. Plot locations changed biosolids were applied. Four 500 mL plastic bottles were filled every year within the field. All plots used for the N response with biosolids from each location. Each bottle represented a experiments received 90 kg N ha Ϫ1 in years preceding the separate pile (truck load), with each bottle containing biosolids actual N rate treatments to minimize variation in residual N taken from six to eight sites on each pile. Samples were frozen effects that would affect estimates of N response curves and until analysis. Methods for analysis included automated com-N efficiency in the subsequent crop grown. For example, plots bustion for total C, total Kjeldahl N, steam distillation of a used for N response studies in 1998 had received 90 kg N wet sample for NH 3 -N, ion chromatography for NO 3 -N, and ha Ϫ1 in 1996 and 1997. Data of the fertilizer experiment were analyzed separately from the biosolids treatments.
HNO 3 -H 2 SO 4 method for total P. On average, biosolids ap- plied in both experiments from 1996 to 1999 contained 185 g as tillage, planting, pest management, and irrigation. The soil solids kg Ϫ1 fresh weight. The average dry matter composition was typically disked at a 6-to 10-cm depth or field cultivated was 271 g C kg Ϫ1 (SD ϭ 31), 38 g organic N kg Ϫ1 (SD ϭ 5), two times before planting for weed control, fertilizer and bio-8.4 g NH 4 -N kg Ϫ1 (SD ϭ 1.5), 0.02 g NO 3 -N kg Ϫ1 (SD ϭ 0.02), solids incorporation, and seed bed preparation at both sites. 27.8 g P kg Ϫ1 (SD ϭ 4.5), 3.8 g K kg Ϫ1 (SD ϭ 1.8), and 37 g At the irrigated site, maize hybrid Pioneer 3489 was planted Fe kg Ϫ1 (SD ϭ 11). Weekly analysis of biosolids samples in in 1996 and 1997 at 65 000 plants ha Ϫ1 in rows spaced 76 1998 indicated that concentrations of other elements were cm apart. In 1998 and 1999, maize hybrids were chosen for below hazardous levels (USEPA, 1993 and 50 thousand plants ha Ϫ1 in 1996 through 1999, respectively. Year-to-year variations in maize yields were largely due to
Field Management
variation in climate. Malfunction of the irrigation system along with higher than normal air temperature during maize pollinaIn 1996, a blanket dose of 60 kg P ha Ϫ1 was broadcast on tion was a major cause of lower yields in 1999. all plots at both sites as triple superphosphate and 6 kg Zn Sorghum hybrid NCϩ 7R37E was planted at 5.6 kg ha Ϫ1 ha Ϫ1 was broadcast as ZnSO 4 at the irrigated maize site. Beduring all 4 yr of the study in 76-cm rows. Crop emergence cause yields in the fertilizer experiment in 1996 suggested was uniform for all years. However, the lack of a killing frost insufficient P supply, another 80 kg P ha Ϫ1 as triple superphosuntil late in the season resulted in many tillers producing grain phate was broadcast and incorporated in the spring of 1997 in 1996. Approximately 150 000 heads ha Ϫ1 were harvested in to the irrigated maize site to ensure that P was not a limiting 1996, compared with ≈125 000 in 1997 through 1999. Note that factor for studying crop response to biosolids and fertilizer-N. The cooperators performed all other farm operations such sorghum yields in unfertilized plots in 1999 were very low, soil:H 2 O), organic C (Walkley, 1947), 2 M KCl-extractable probably due to smaller soil N mineralization resulting from NH 4 -N and NO 3 -N (Mulvaney, 1996) , 0.03 M NH 4 F ϩ 0.025 a cool spring and dry summer period (Fig. 2) .
M HCl extractable P (Bray and Kurtz, 1945) , 1 M NH 4 Oacetate-extractable K (Brown and Warncke, 1988) , and dieth-
Soil and Plant Sampling
ylenetrinitrilopentaacetic-extractable Zn (Lindsay and NorAll soil and plant samples were collected from 4.6-by 12. 2-vell, 1978) . Soil samples were also collected in the spring of m sampling plots. Grain and stover samples at physiological 1997, the fall of 1997, and the fall of 1999 to determine the maturity and all soil samples were taken from the middle two residual N. Two soil cores were taken per plot to a depth of rows of each six-row plot. Soil samples were collected at the 1.50 m and divided by depth intervals as previously described. beginning of the experiment to determine the general soil
The soil cores were combined, air-dried at room temperature properties. This was done by collecting four soil cores (40-(26 ЊC) and ground to pass through a 2-mm sieve. Samples mm diameter) from each replication to a depth of 1.50 m in were analyzed for 2 M KCl-extractable NH 4 -N and NO 3 -N increments of 0 to 0.15, 0.15 to 0.30, 0.30 to 0.60, 0.60 to 0.90, (Mulvaney, 1996) and total N (Yeomans and Bremner, 1991). 0.90 to 1.20, and 1.20 to 1.50 m to obtain one composite sample Grain was hand picked from two 3-m sections of the center per depth and replicate plot. Soils were air-dried and ground to two rows at physiological maturity. Stalks were then cut at pass through a 2-mm sieve. Measurements followed standard soil surface from one of the 3-m sections for determination of dry matter and nutrient concentrations. The whole plant methods and included electrical conductivity and pH (1:1 sample was weighed, chopped, a 700-to 1000-g subsample
taken and dried at 70 ЊC, reweighed for moisture calculation, and ground. Maize grain was shelled, a 300-to 600-g subsample where GY is the grain yield (kg ha Ϫ1 ), UN is the plant N taken and dried at 70 ЊC. Grain yields were reported on a accumulation in aboveground biomass (kg ha Ϫ1 ), N is the 0.155 g kg Ϫ1 moisture basis. Total N content in plant samples amount of fertilizer or biosolids-N applied (kg ha Ϫ1 ) and ϩN was analyzed using an automated combustion method (McGeeand 0N refer to treatments with and without N application, han and Naylor, 1988).
respectively. For biosolids treatments, N includes both organic-N and NH 4 -N contained in the biosolids.
Calculations and Statistical Analysis

RESULTS AND DISCUSSION
Analysis of variance was conducted using PROC GLM of SAS (SAS Institute, 1988) fertilizer application (Fig. 3 ). Maize yields with biosolids
There was an analysis of variance for the 1996 applied biosolids application were similar to or exceeded those in fertiland the 1997 applied biosolids for each site. In 1998, there were izer-N treatments in all 4 yr (Fig. 3, Table 3 ), suggesting three ANOVAs, and in 1999 four ANOVAs, with comparisons that large amounts of biosolids-N were plant available only being made between biosolids applied in the same year.
in the first year. A more consistent maize yield response Linear-and quadratic-plateau regression models were fitted to the experimental data to describe the relationship between to applied biosolids across the 4 yr was observed when RY and the amount of N applied from biosolids or fertilizer.
yield was expressed on a relative basis (Fig. 4) and into an optimal rate for irrigated maize of ≈62 Mg ha Ϫ1 fresh biosolids (or 11.5 Mg ha Ϫ1 on dry weight basis). * Significant at the 0.05 probability level. ** Significant at the 0.01 probability level. *** Significant at the 0.001 probability level. † AE N ϭ kg yield increase per kg fertilizer-N applied. ‡ RE N ϭ kg increase in N uptake per kg fertilizer-N applied. § ns ϭ not significant.
Organic biosolids-N was used for estimating the optimal rate to eliminate variation caused by seasonal differences in biosolids-N content and rate of application and to also account for residual N resulting from mineralization of organic-N across time. Although there was a negative correlation between inorganic and organic N concentrations in the biosolids (NH 4 -N ϭ 3883 -0.061 organic-N, r ϭ 0.72, both expressed as mg kg Ϫ1 ), using total biosolids-N instead of organic-N resulted in a similar optimal biosolids rate (data not shown). Sorghum grain yield increases due to biosolids application ranged from 0 to 5.2 Mg ha Ϫ1 , as compared with the unfertilized control. At rates of 50 to 100 Mg biosolids ha Ϫ1 (Fig. 3) , sorghum yields were similar to or exceeded those measured in treatments receiving 120 to 150 kg fertilizer-N ha Ϫ1 (Table 3) . However, at the lowest rate, 25 Mg biosolids ha Ϫ1 , sorghum yields were ≈1.0 Mg ha Ϫ1 below the maximum yields achieved with 120 to 150 kg fertilizer-N ha
Ϫ1
. Without irrigation, relative rainfed sorghum yield response to biosolids was less consistent than that of irrigated maize (Fig. 4) . In 1996, neither biosolids nor mineral fertilizer had a significant effect on sorghum grain yield. The lack of sorghum response in 1996 was likely due to the high residual soil NO 3 and N mineralization resulting from the previous soybean crop, and the 3-yr fallow period before. Sorghum yield responses in 1997 and 1998 were similar and considered representative of more common rotations and climatic conditions for southeast Nebraska. In 1999, sorghum responded to much higher rates of biosolids up to the maximum of 100 Mg ha Ϫ1 (Fig. 4) . For a typical sorghum crop, the optimal biosolids rate to maximize up by maize was not always translated into higher grain yield. For example, in 1999, total N uptake of maize RY in the year of application was 257 kg organic N ha Ϫ1 or ≈36 Mg ha Ϫ1 of fresh biosolids (Table 4) . Sorghum was nearly 100 kg N ha Ϫ1 greater than the average of the other 3 yr (Fig. 5 ), but all data points were below did not respond to biosolids in 1996 due to reasons already discussed, but this was not considered typical the average relationship between grain yield and N accumulation (Fig. 6 ). This indicates a situation of nutrient since most fields do not undergo a 3-yr fallow period.
Plant N accumulation in the first year increased up accumulation in the plant but restricted movement to the grain due to one or more other limiting factors to ≈75 Mg biosolids ha Ϫ1 in maize (except in 1997) and through the whole range of biosolids rates in sorghum such as climate, water stress, pests, or other nutrients (Janssen et al., 1990; Witt et al., 1999) . In this case, the (Fig. 5) . Climatic factors explain why the extra N taken 
ha
Ϫ1 in the same years) the RE N of biosolids-N was similar to that of N fertilizer (0.37-0.45 kg kg Ϫ1 , Tables lack of precipitation and irrigation during the critical 2 and 3). In rainfed sorghum, N use efficiencies of biosolpollination stage explained the lower grain yield with ids-N were lower than those of mineral N fertilizer aphigh N accumulation. Except for irrigated maize in 1999, plied at comparable input levels (Tables 2 and 3 ). For however, the relationship between grain yield and N example, in 1998, the AE N from 25 Mg biosolids ha Ϫ1 uptake by maize and sorghum was remarkably consiswas 12 kg kg Ϫ1 compared with 25 kg kg Ϫ1 from 150 kg tent and generally similar in biosolids-N and fertilizerfertilizer-N ha Ϫ1 . In the same treatments, the RE N of N treatments (Fig. 6) .
biosolids-N was 0.30 kg kg Ϫ1 , whereas that of inorganic In irrigated maize, first-year N use efficiencies of bio-N fertilizer was 0.48 kg kg Ϫ1 . Excluding the nonresponsolids-N decreased with increasing biosolids rate, but sive initial year (1996), the first-year AE N of sorghum were similar to those of mineral N fertilizer applied at was 8 to 12, 7 to 12, 5 to 9, and 4 to 6 kg kg Ϫ1 for biosolids comparable N input levels (Tables 2 and 3 ). The average rates of 25, 50, 75, and 100 Mg ha Ϫ1 , respectively. The first-year AE N of biosolids-N applied in 1997 to 1999 RE N for the year of application ranged from 0.10 to was 18.3, 10.9, 7.2, and 5.6 kg kg Ϫ1 for biosolids rates 0.30, 0.11 to 0.24, 0.09 to 0.24, and 0.08 to 0.21 kg kg Ϫ1 of 25, 50, 75, and 100 Mg ha Ϫ1 , respectively. Approxifor the first, second, third, and fourth biosolids rates, mately 180 kg N ha Ϫ1 was applied in the 25 Mg ha Ϫ1 respectively. Across all treatments and years, the averbiosolids treatment in 1997 to 1999 and AE N ranged age RE N of first year biosolids was 0.18 kg kg
Ϫ1
, whereas from 17 to 19 kg kg Ϫ1 (Table 2) . A similar range of AE N , that of fertilizer-N was 0.41 kg kg
. The AE N and RE N 18 to 19 kg kg
, was found from 1997 to 1999 in the values estimated using the difference method (Eq. 1 180 kg N ha Ϫ1 mineral N treatment (Table 3) . From and 2) mainly reflect the efficiency of biosolids NH 4 -N 1997 to 1999, average RE N in irrigated maize for the (≈20% of total biosolids-N) plus a fraction of the oryear of application was 0.42, 0.29, 0.24, and 0.17 kg ganic-N mineralized during the first year. Irrigation kg Ϫ1 for biosolids rates of 25, 50, 75, and 100 Mg ha
, likely increased N mineralization from biosolids as well respectively (Table 2) . At similar N rates (i.e., 25 Mg biosolids ha Ϫ1 in 1997 and 1998 vs 180 kg fertilizer-N as crop uptake, explaining the greater efficiency of bio- (Table 4) .
solids-N in irrigated maize as compared with rainfed sorghum.
Residual Effects of Biosolids on Yield, N uptake, and Soil Nitrate uated in terms of RY (Fig. 7) . On average, the RY increase due to a one-time application of biosolids was 33% in the year of application, 21% in the second year, 1999 due to the high N uptake observed in the biosolids 14% in the third year, and 9% in the fourth year. Residtreatments (Fig. 5) . Water-filled pore space was Ͻ50% ual effects on yield would probably drop below detectduring early growth in 1999 (data not shown), which able levels after ≈5 yr. The equations shown in Table 4 probably minimized N losses and caused a build-up of can be used to assess the decline in yield response as a mineral N during May and June, which was subsefunction of the biosolids-N rate and year after applicaquently taken up by the maize plants with minimal tion. For example, the predicted relative maize yield leaching. At rates of 25 to 50 Mg biosolids ha Ϫ1 , ≈19% was 84, 66, and 61% of the maximum for the first, secof the biosolids-N from 1997 to 1999 was recovered by ond, and third years after application when the optimal sorghum in the first year, 32% in 2 yr, and 40% in 3 yr. rate of 441 kg organic N ha Ϫ1 was applied. The predicted Less N was mineralized and residual effects from biorelative sorghum grain yield was 70, 58, and 41% of the solids lasted longer under rainfed conditions than under maximum for the first, second and third years after irrigated conditions. application when 257 kg organic N ha Ϫ1 was applied. One disadvantage to supplying multi-year crop N reDespite the residual effect of biosolids, supplementary quirements with large single applications of biosolids application of N fertilizer would also be required to is the potential for nitrate leaching or other N losses, maximize yield in the residual years.
particularly if the application rate exceeds the optimal In the subsequent years after biosolids application, rate required to maximize yield in the first year. At the additional N was recovered by the crops due to mineralirrigated maize site, 170 kg ha Ϫ1 more NO 3 N than in ization of organic biosolids-N, but the relative cumulathe control had accumulated in the soil profile by spring tive N recovery depended on the biosolids rate (Table  1997 , when 981 kg biosolids-N ha Ϫ1 (805 kg organic N, 2). For example, in the 25 Mg ha Ϫ1 biosolids rate applied 176 kg NH 4 -N) was applied to maize in spring 1996 (Fig. in 1997 (Fig. in , 1998 (Fig. in , or 1999 , maize recovered a total of 43% 8). By fall 1997, Ͼ110 kg ha Ϫ1 more NO 3 N than in the of the N applied in the first year, 58% after 2yr, and control were measured in the 0-to 150-cm soil depth, 76% after 3 yr of cropping. This compares with cumulabut 3 yr after biosolids application, soil NO 3 levels were tive RE N of 30 (1 yr), 42 (2 yr), and 56% (3 yr) at a similar to soil that had not received biosolids. The NO 3 rate of 50 Mg biosolids ha
. The decrease in RE N with accumulated in the previous years had either been lost greater biosolids rates probably resulted from greater from the root zone by leaching or gaseous loss processes N losses from denitrification and leaching. Nitrogen recovery of fresh and residual biosolids-N was highest in or was utilized by maize. Nitrogen budget calculations indicated that 1 yr after application, maize N uptake for by crop uptake or residual NO 3 to specific processes such as leaching, denitrification, immobilization in orand residual NO 3 -N accounted for 9 to 26% of biosolids-N applied in 1996 (Table 5) . After four crops, in treatganic matter, or residual biosolids-N. However, the quick accumulation of nitrate in soil depths below 30 ments with biosolids rates that exceeded the optimal rate required to maximize yield in the year of application cm and the greater amount of N unaccounted for at the irrigated site indicate that leaching was a major process, (Fig. 4) , ≈50% of the total N applied was not accounted for by either crop uptake or residual NO 3 -N in the soil.
particularly with irrigation and if biosolids rates exceeded crop N demand by a large margin. Further eviHowever, there was very little additional NO 3 accumulation when biosolids were applied at rates lower or close dence for this is provided by comparing the fate of biosolids-N in the two treatments that received almost to the recommended rate for maximizing yield. For example, differences in residual soil NO 3 between ϩbio-identical amounts of 731 (maize) or 726 (sorghum) kg biosolids-N ha Ϫ1 in 1996 (Table 5) . After 4 yr, residual solids treatments and the control measured in fall 1999 (0 to 150 cm soil depth) were Ϫ3 kg N ha Ϫ1 at a biosolids soil NO 3 levels at both sites were similar to the control in both treatments, but crop uptake accounted for 62% rate of 177 kg organic-N ha Ϫ1 or 17 kg N ha Ϫ1 at 353 kg organic-N ha Ϫ1 applied in spring 1999 (Fig. 9 ).
(sorghum) or 52% (maize) of the N applied to sorghum, suggesting that ≈70 kg N ha Ϫ1 more had been lost under Less NO 3 accumulated in the soil and less N remained unaccounted for at the rainfed sorghum site, which is irrigated maize as compared with rainfed sorghum. Gaseous losses of N 2 O or N 2 probably occurred, but further consistent with the hypothesis that N mineralization of biosolids-N was slower and leaching losses were smaller research will be required to clarify their importance with regard to biosolids applications. Microbial activity under rainfed than irrigated conditions. About 62 kg additional NO 3 N ha Ϫ1 had accumulated in the 0-to leading to N 2 and trace gas emissions are closely related to soil moisture, NO 3 concentrations, available C, pH 120-cm soil depth by the spring of 1997, when a heavy and electrical conductivity in soil solution (Stanford et dose of 726 kg N ha Ϫ1 (603 kg organic N, 123 kg ammoal., 1975; McCormick and Wolf, 1980 ; Nugroho and Kunium N) was applied to sorghum in spring 1996 (Fig. watsuka, 1992; Weier et al., 1993) . Biosolids application 8). However, soil NO 3 levels had already decreased by is likely to influence many of these processes. fall 1997 and remained at levels similar to the control until fall 1999. Depending on the biosolids rate, 16 to 31% of biosolids-N applied in spring 1996 was recovered Economic Value by sorghum N uptake or residual soil NO 3 after 1 yr Only a partial economical assessment can be per- (Table 5 ). However, this proportion increased to 62 to formed because, at our site, biosolids were hauled to 77% after 4 yr in the two treatments for which farmers' fields at no cost to the farmer. Production, measurements were available. As for maize, at biosolids storage, and transport of biosolids were covered by the rates close to those required to maximize sorghum wastewater treatment plant, which in turn covers this yields, the potential for NO 3 accumulation and N losses cost from revenues generated within its service area. such as leaching was small. For example, differences in Our analysis below only assesses the potential benefits residual soil NO 3 between ϩbiosolids treatments and to a farmer at a biosolids rate of 62 Mg ha Ϫ1 (irrigated the control measured in fall 1999 (0 to 150 cm soil depth) maize) or 36 Mg ha Ϫ1 (rainfed sorghum). It is not valid were 10 kg N ha Ϫ1 at a biosolids rate of 185 kg organicfor biosolids rates that exceed the amount required to N ha Ϫ1 as compared with 40 kg N ha Ϫ1 at 556 kg organicmaximize yields in the year of application, that is, rates N ha Ϫ1 applied in spring 1999 (Fig. 9) . at which crop response is less certain and additional environmental costs must be factored in. Also, these It is impossible to accurately attribute N unaccounted estimates of economic benefits are subject to climate for rainfed sorghum (Table 6 ). For the whole 4-yr period, biosolids had a total N value of $2.2 Mg Ϫ1 in maize variability or other factors, which affect crop performance such as water supply and pests.
or $1.9 Mg Ϫ1 in sorghum. However, the fertilizer equivalent declined from 3 to 3.4 kg N Mg Ϫ1 biosolids in the In irrigated maize, ≈530 kg N ha Ϫ1 would be applied once with the 62 Mg ha Ϫ1 biosolids, resulting in a 28% first year to 0.4 kg N Mg Ϫ1 biosolids in the fourth year. Economic benefits from a single biosolids application yield increase over an unfertilized control in the year of application. To achieve the same yield increase, 211 can only be fully realized if N application is adjusted by supplementary fertilizer-N to account for the declining kg inorganic N ha Ϫ1 had to be applied at a fertilizer cost of $70 ha Ϫ1 (Table 6 ). In rainfed sorghum, an application residual N contribution from biosolids across time. More research is required to design crop rotations that effiof 36 Mg ha Ϫ1 was equivalent to $36 ha Ϫ1 in terms of N fertilizer value. Including the residual benefits in subciently use N that accumulates throughout the whole root zone. Differences among crops appear to exist in sequent years, the cumulative N fertilizer value of a single biosolids application in a 4-yr period was estitheir ability to utilize biosolids-N, which are probably related to differences in the root system. For example, mated to be $136 ha Ϫ1 for irrigated maize and $68 ha a rotation of irrigated maize plus biosolids in Year 1, uptake are difficult to separate, practical rate recomsorghum in Year 2, and soybean in Year 3 would probamendations for biosolids use should be based on the bly not require any extra N fertilizer and ensure maxitotal N input and its potential cumulative plant recovery mum use of biosolids-N at minimum NO 3 accumulation and leaching potential across a period of ≈4 yr. For in the soil profile. Research is also required to quantify agronomic purposes such as fertilizer plans, ≈40, 20, 10, long-term effects of biosolids use on elements other and 5% of the total biosolids-N (organic ϩ inorganic) than N and soil and water quality at scales of entire were available to crops in the first, second, third, and watersheds in the vicinity of larger cities.
fourth year, respectively. These field-based estimates were larger than current guidelines on biosolids-N mineralization (USEPA, 1995), which are often based on CONCLUSIONS laboratory studies. Anaerobically digested sewage sludges (biosolids)
For optimal performance, actual biosolids rates have a high agronomic value. A sustainable biosolids should be further adjusted depending on soil organic management strategy must ensure (i) high yields and matter content, initial soil NO 3 , yield goal, and biosolids profit, and (ii) minimize the accumulation of NO 3 , P, composition. Supplementary N fertilizer is required in and other elements in the soil. In our study, benefits of the year of application if the biosolids rate is below the biosolids application in terms of N use efficiency and rate required to maximize yields and in years following profit were greatest in irrigated systems where crop a biosolids application. This is especially important in growth was less likely to be limited by factors such as irrigated systems with high yield potential. water supply. Biosolids amounts required to maximize yields in the year of application on a silty clay loam ACKNOWLEDGMENTS were 62 Mg ha Ϫ1 in irrigated maize and 36 Mg ha Ϫ1 in rainfed sorghum. At biosolids application rates required
